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Abstract

The determination of osteocyte viability is essential in bone research and clinical practice; however its
determination at the time of sampling, without disruption of the bone matrix is difficult. The current clinical
histological diagnosis of osteonecrosis requires the identification of empty osteocyte lacunae, which may take up to
4 weeks to completely develop. The aim of this study was to assess the efficacy of 5-chloromethylfluorescein
diacetate (CMFDA) and ethidium homodimer-1 (EthD-1) to stain osteocyte viability at the time of sampling without
disrupting the bony architecture in a sheep model. The methods involved harvesting adult sheep femoral and tibial
mid-diaphyseal bone and staining 1 cm thick samples with different concentrations of CMFDA and EthD-1 for
varying durations at different temperatures. Osteocyte viability and the effect on background staining were
assessed. The results show that CMFDA and EthD-1 can successfully stain for osteocyte viability in situ at the time
of sampling without destruction of the bone matrix. Optimal staining is achieved with a concentration of 2.5 pl
CMFDA (25 pmol) and 5 pl EthD-1 (10 pmol) to 1ml DMEM (Dulbecco's modified Eagle's medium) for a duration of 4
hours at 4°C. These intermediate stain concentrations, low temperatures and short incubation periods limit
background staining. We conclude that in contrast to analysing for empty osteocyte lacunae, CMFDA and EthD-1
can stain osteocytes for their viability from the time of injury and thus may aid in an earlier and more precise
diagnosis of the percentage of osteocyte necrosis.
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Introduction

Bone viability is difficult to determine because of its complex
regenerative potential, however osteocyte death appears to be related
to bone death [1]. Necrosis, or irreversible cell death, is characterized
by nuclear swelling, pyknosis, karyorrhexis, karyolysis and cytoplasmic
eosinophilic staining [2,3]. Because it is often impossible to define with
light microscopy, particularly in bone, it has long been accepted that
empty osteocyte lacunae indicate osteonecrosis [2-4]. However, the
assessment of bone for empty lacunae is unreliable and limited by
sectioning technique and the physiologically normal occurrence of
occasional empty osteocyte lacunae and the artefactual empty lacunae
that may occur from suboptimal staining [2,3,5-7]. Furthermore, the
occurrence of empty osteocyte lacunae rarely occurs within the first 7
days of bone death and may take over 16 weeks for complete loss of
osteocytes from the lacunae [2-4,6,8,9].

Because of these limitations of conventional microscopy to
satisfactorily confirm early cellular death, most current techniques
involve milling the bone to attain a suspension of the cells, which can
then be cultured or stained for their viability [6,10-12]. While this
information is useful, it destroys the bone matrix and cannot be used
to assess osteocyte survival within the intact native bone matrix. It is
for this reason that the standard technique for determining
osteonecrosis in clinical pathology remains the identification of empty
lacunae [3,4].

Histochemistry assessing for the presence of oxidative enzyme
activity has been suggested to be a more reliable method of
determining bone viability [13]. However, this technique is crude and
provides only an indirect measure of bone viability affected by
multiple factors [14].

A further limitation of the above techniques is the cellular death
caused by the preparatory process of the tissues. Optimally, the
osteocytes need to be stained for their viability at the time of sampling,
prior to tissue preparation, without damaging the bone.

Fluoroprobes have been used in a number of tissue types, including
the periosteum and bone, to determine cellular viability [15-17].
However, its use in bone has been limited by excessive
autofluorescence of the bone, particularly with green fluoroprobes
[15,16].

5-Chloromethylfluorescein Diacetate (CMFDA) is a glutathione-
reactive dye that freely diffuses across the membrane of living cells and
is then catalyzed through two different intracellular reactions before
becoming fluorescent [18]. It requires the cell membrane to be intact
and intracellular processes to function [18-21].

Ethidium homodimer-1 (EthD-1) is a fluoroprobe with a very high
affinity for nuclear DNA, but has low membrane permeability and as
such can only access the nuclear DNA in dead cells where the
membrane integrity and function is compromised [18].

In this study we aimed to determine whether CMFDA and EthD-1
could stain for osteocyte viability within the bone matrix and if
successful to determine the optimal staining protocol in a sheep
model.
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Materials and Methods

Prior to commencing this study, animal ethics approval was
attained from the University of Otago animal ethics committee.

Bone sampling

The femora and tibiae of a healthy uninjured adult sheep were
harvested immediately post-mortem. Soft tissue dissection was rapidly
performed under sterile conditions and the bone extracted. The
periosteum was sharply dissected from the bone following techniques
described for periosteal grafts in human subjects [22]. The underlying
diaphyseal bone was sectioned transversely into 1 cm high discs with
an oscillating saw and saline irrigation to avoid heat necrosis. The
discs were then sectioned into quarters with a sharp osteotome. Each
quarter was analysed as an individual sample.

Suitability of stain

In order to determine whether the cells were accurately stained as
dead or alive, a total of 20 samples were obtained. Ten samples were
frozen and then thawed twice before staining to ensure cellular
necrosis, while the other 10 samples were immediately stained. Both
sets of samples were stained with 2.5 pl CMFDA (25 pumol) and 5 pl
EthD-1 (10 pmol) (Invitrogen Ltd. New Zealand) to 1 ml DMEM
(Dulbecco's modified Eagle's medium), for 12 hours at 4°C.

Staining protocol

For the optimal staining protocol, the factors we assessed were the
concentration of stain, as well as the temperature and duration of
incubation. The same technique for sample collection was used on a
further two sheep and a total of 54 samples were obtained.

The concentrations tested were: (1) High concentration=5 pl
CMFDA (50 umol) and 10 pl EthD-1 (20 pmol) to 1 ml DMEM; (2)
Intermediate concentration=2.5 ul CMFDA (25 pmol) to 5 pl EthD-1
(10 pmol) to 1 ml DMEM,; (3) Low concentration=0.5 pl CMFDA (5
pmol) to 1 ul EthD-1 (2 pmol) to 1 ml DMEM.

The temperatures tested were 4°C, 20°C and 37°C. The duration of
incubation was 4, 8 and 16 hours. Two samples were used for each test.
The details of the staining protocol are incorporated in the appendix of
this study (Appendix 1).

Post-staining processing

Once staining was completed the samples were decalcified with cold
microwave-EDTA, prior to being embedded in paraffin wax and
sectioned into 50 um thick sections. These samples were then analyzed
under fluorescence light microscopy (Olympus AX70, 40x objective)
using a conventional 488 nm fluorescein block to simultaneously
excite CMFDA and EthD-1 [18]. Osteocytes were identified by their
location within the bone and thus only cells located within the lacunae
were analysed. The proportion of green to red cells determined the
percentage viability of each specimen (i.e. Green/(Green
+Red)=percentage of viability).

Results

Suitability of stain: For the 10 bone samples that were immediately
stained, we noted that on average 10% of nuclei stained red, suggesting
a 10% cellular mortality rate (range 0-40%). However, all of the freeze-

thawed samples had nuclei staining red, suggesting a 100% cellular
mortality rate.

Staining protocol

Lil:gh chifeentrtioh®) Intermediate concentratithy <. Low concentration

Figure 1: Comparison of different stain concentrations (High
concentration (A), intermediate concentration (B) and low
concentration (C)) with the temperature maintained at 4 °C and
the duration of staining being 4 hours (40x objective).

Figure 2: Comparison of different temperatures (A 37°C, B 20°C
and C 4°C), with a concentration of 2.5 pl CMFDA (25 pmol) to 5
ul EthD-1 (10 pmol) to 1 ml DMEM, for 4 hours (40x objective).

4 hours

16 hours

Figure 3: Various durations of staining (A 16 hours, B 8 hours, C 4
hours), while maintaining a temperature of 4 °C and a
concentration of 2.5 ul CMFDA (25 umol) to 5 ul EthD-1 (10 pmol)
to 1 ml DMEM. (40x objective. Note that the 16-hour sample was
cut longitudinally rather than transversely).

For the optimal staining protocol we found that the concentration
affected the luminescence and ease of reading the slides. At low
concentrations, the cells were still stained, but the stain was more
vague and dull, making the determination, particularly of the EthD-1
stain, difficult. With increasing concentrations the cellular
fluorescence increased, but so did the background fluorescence
staining of inorganic material, particularly by the CMFDA stain
(Figure 1).

On analyzing the optimal temperature for testing, we found that at
4°C we had no osteocyte nuclei staining red, compared to 10% at 20°C
(range 5-20%) or 30% at 37°C (range 10-50%) at 4 hours (Figure 2). At
higher temperatures we also observed increased CMFDA staining of
the surrounding inorganic tissue.

Finally, changing the duration of staining revealed that 4 hours was
sufficient to stain all cells within the bony matrix. With longer
durations, greater percentages of nuclei stained red (10% at 8 hours,
40% at 16 hours) (Figure 3).
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Discussion metabolic rate without sufficient nutrients to support cell viability, was

The accurate determination of osteocyte viability at the time of
sectioning and with the bony architecture left intact is difficult. In
clinical pathology, the identification of empty osteocyte lacunae are
used to confirm osteonecrosis, but unfortunately this technique is
limited by the normal occurrence of empty lacunae, reliance on
optimal staining and most importantly a time delay of up to 4 weeks
between bone death and the completion of empty osteocyte lacunae
[2-4].

Other techniques have involved milling the bone to get a
suspension of cells that can then be stained for their viability or
cultured [11,12,23,24]. Unfortunately this technique destroys the bone
matrix precluding assessment of the bony architecture.

Currently, the most notable technique for staining osteocytes in situ
is a Lactate Dehydrogenase (LDH) assay, which stains viable cells, but
still relies on the findings of empty osteocyte lacunae to define
osteocyte death [10,25,26]. Unfortunately, this technique also often
requires additional analysis with DNA laddering or nick translation to
identify fragmented DNA which then allows investigators to
determine which cells were alive at the time of sectioning [23,24].

CMFDA and EthD-1 are fluoroprobes that stain the cytoplasm
green in living cells and the nucleus red in dead cells respectively [18].
In this study we determined the validity of CMFDA and EthD-1 for
staining the viability of osteocytes at the time of sampling, leaving the
bone matrix intact to allow for later assessment of the bony
architecture.

In the first experiment we found that a small percentage of nuclei
(10%) stained red in the groups that were immediately stained,
whereas all cells stained red in the groups that were frozen and thawed.
This result suggests that CMFDA and EthD-1 can be used to
successfully stain osteocytes in situ as alive or dead at the time of
sampling, without disrupting the bony architecture. Because this
technique allows staining prior to tissue preparation it limits the risk
of osteocyte death from the preparatory process.

Other studies have also used fluorescence staining to determine
osteocyte viability, including CMFDA and EthD-1, but these
fluorescence stains have proven unsuitable because of worsened
autofluorescence of the bone, particularly with green fluorochromes
[11,15]. The cause of auto-fluorescence is unknown, but we aimed to
address this issue with variations on stain concentration, temperature
and time.

It is important to determine the optimal concentration to prevent
under staining with low concentrations or expensive over-staining
with excessive concentrations. We found the optimal concentration of
CMFDA to be 2.5 pl (25 umol) to 1 ml DMEM. If a lower
concentration was used samples were only vaguely stained, whereas if
higher concentrations were used staining of inorganic material was
seen, creating considerable background fluorescence. The optimal
concentration of EthD-1 was 5 ul EthD-1 (10 pmol) to 1 ml DMEM.
Similarly to CMFDA, if a lower concentration were used only vague
staining was seen. However, if a higher concentration was used no
observable difference was noted, but the financial cost of staining
increased (Figure 4).

Temperature is also important to evaluate because it significantly
affects cellular metabolism [18]. We found the optimal temperature to
be 4°C. No lower temperature was used, but if a higher temperature
were used cellular death, because of the correspondingly higher

noted to increase. At room temperature (20°C) around 10% of
osteocytes were noted to die at 4 hours, whereas incubation at 37°C
resulted in 30% of the osteocytes dying at 4 hours.

Endosteal cell

Osteocyte

Marrow cell

Autofluorescence

Figure 4: Representative photograph illustrating auto-fluorescence
of the bone and CMFDA staining of other cells (40x objective).

In a study by Stoddart et al. (2006) the authors stained all samples at
37°C or 4°C followed by 37°C for a minimum of 6 hours and found
CMFDA to be an unsuitable stain because of excessive “auto-
fluorescence” of the bone [15]. Our results of excessive background
staining with temperatures of 37°C are consistent with the previous
study. However, our results of different temperatures suggest that this
“auto-fluorescence” is worsened by the leached CMFDA from the
higher metabolic activity and numbers of dead osteocytes seen at
higher temperatures [18]. These cells no longer possess an intact cell
membrane essential for retention of the dye [21]. In contrast to the
former study, our range of temperatures have shown successful
staining with CMFDA at 4°C and as such we would recommend its
use, provided the temperature is maintained at 4°C.

The duration of staining was assessed, because sufficient time is
thought to be required for the stains to not only penetrate into the
depths of the tissue samples, but also the cell and, for CMFDA, to be
conjugated and then cleaved by intracellular processes. However, too
long a staining period and the cells die through a lack of nutrients and
failure to expel waste products. We found the optimal duration of
staining to be 4 hours in this sheep model. No shorter period was
tested as it was thought that this duration was necessary for the stain to
percolate through the bone and stain the cells. If a longer period were
used, significant leaching of the CMFDA out of the cell by metabolic
activity was found, as well as an increased number of cells that died.
This may have also confounded the study by Stoddart et al. (2006) who
used a minimum of 6 hours of staining and found higher levels of
background staining [15].

The limitations of this study include the use of an animal model and
further research is necessary to validate its use in determining
osteonecrosis in humans. It is known that auto-fluorescence is higher
in humans than sheep and worsens with age; therefore these factors
will need to be considered. Another limitation is a lack of a control to
determine whether cells that stain green are indeed viable. A technique
to do this would be to culture the cells, ensuring their viability.
However, previous studies have proven the use of CMFDA in
determining cellular viability of other cell types and as such we have
not assessed this facet further [18]. Furthermore, EthD-1 consistently
and accurately stains dead cells, including osteocytes, red and we
confirmed this by freeze-thawing our specimens [11]. Another
limitation is that we did not assess penetration depth of the stain.
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Stoddart et al. (2006) studied CMFDA and EthD-1 penetration into
cancellous bone cores and found a penetration depth of around 500
pm after a minimum of 6 hours [15]. While we did not specifically
address penetration depth our 1 cm thick diaphyseal samples were all
uniformly stained. Further research is required to compare the efficacy
of this stain in cortical and cancellous bone.

One difficulty with this technique is that cells, particularly
osteocytes, have cytoplasm that extends much further than the nuclei.
In the case of osteocytes, the cytoplasm usually extends far beyond the
lacunae and into the canaliculi. Hence, a cross-section will be much
more likely to show the cytoplasm than the nucleus. Because EthD-1
only stains the nucleus, it is important to see the nuclei in all cells
before determining whether or not the cell is viable (Figure 5).

Dead osteocyte

Live osteocyte

Indeterminate viability

Figure 5: Live-dead stain showing the importance of visualising the
nucleus before determining its viability (40x objective).

The technique we used was to methodically look for the nucleus at
higher magnifications, however, an additional stain with Hoechst,
which stains all nuclei, viable or not, with a blue stain, should be
considered [27,28]. By using ImageJ software (NIH, Bethesda, MD,
USA) as a stack or comparing and contrasting the same slide under
different fluorescence, one could potentially see all nuclei and then
determine their viability. This method would then question the use of
CMFDA, rather than just EthD-1 and a stain such as Hoechst, which is
still able to determine the number of cells and the percentage of those
that are dead. This would reduce the concern of background staining
with green fluoroprobes presented by other authors, but further
research is necessary to evaluate this technique [15,16].

We also observed a few cells where the cytoplasm stained green and
the nucleus stained red. In this situation we elected to interpret the
result as though the cytoplasm maintained some residual metabolic
activity at the time of staining, but that the cell was imminently going
to die and as such, would be counted as dead. Again, further research
is necessary to validate this hypothesis.

It is also important to remember that longstanding osteocyte death
will still result in empty osteocyte lacunae and therefore, the technique
presented offers a method of studying recently dead osteocytes. If bone
samples from prolonged osteonecrosis are to be assessed, empty
osteocyte lacunae should still be analysed.

Conclusions

CMFDA and EthD-1 are suitable stains for determining the
viability of bone at the time of sampling within a sheep model. It is,
however, important to understand cellular morphology and
imperative to view the nucleus before determining cellular viability.
Furthermore, to prevent excessive background staining a short
incubation at a low temperature and intermediate stain concentration,

particularly for CMFDA, is required. For sheep bone the optimal
staining concentration is 2.5 ul CMFDA (25 pmol) and 5 pl EthD-1
(10 umol) to 1 ml DMEM for a duration of 4 hours at 4°C.
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